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THEORETICALINVESTIGA!I’IONOFTHEEFFECTS
LIFTOFA GAP
smNDER
By DusneW.
Slender-bodytheoryhas
BETWEENWINGANDBODYOF
WING-BODYCOMBINATION
DuganandKatsumiH&do
SUMMARY
UPON
A
beenappliedtothestudyoftheeffects
uponliftproducedby thepresenceofa gapbetm%n&g andcylindrical
bodyofa slenderwing-bodycombination.Twoconditionswerestudied,
one.inwhichbothwingsmdbodyhadthesameangleofattack,andthe
otherinwhichonlythedeflectedwinghadan angleof incidencetothe
freestream.Theliftforthecaseofcombinedangleofattackandwing
deflectioncanbe foundby superposition.
Thetheorypredictslargelossesinliftevenforminutegapwidths;
itisanticipated,however,thattheeffectsofviscosityandpossibly
of compressibilitynotconsideredinthetheorywillservetoreducesuch
lossesinpracticeinthecaseofverysmallgapwidths.Thelossin
lifteffectivenessdueto gapeffectsismoreseverewhenbothwingand
bodyareatanangleofattackthanwhenonlythewinghasincidence
relativetothefreestream.Forthewing-bodycombinationexclusive
ofthenoseandafterbodyjthegapeffects,expressedintermsofper-
cent10SSinlift,aremorepronouncedforlargeratiosofbodyradius
towingsemispan;audtheratiooftheliftobtainedfromwingdeflection
tothatduetoangleofattackincreaseswithincreasinggapwidth.The
effectoftheliftofthenoseistoreducethepercentlossinliftdue
togapintheangle-of-attackcasefromthatpredictedforthelortion
oftheconfigurationconsideredabove.As a consequence,theeffective-
nessofthewingasa controlsurfacemayincreaseordecreasewith
increasinggap%dth
semispmis smallor
accordinglyas theratioofbodyradiustowing
laxge.
INTRODUCTION
In connectionwiththetieofall-movableiftingsurfacesin
missiledesign,therearisesthepracticalproblemof theeffectsupon
theaerodynamiccharacteristicsofthemissilecausedby thepresenceof
a gapbetweenthe-g panelsandthefuselage.Whenthefuselageis
cylindrical,thegapisunavoidablefortworeasons:Inthefirstplace,
.
. .
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a clearancebetweenthemovablewingpsmelsandthebodyisrequired
frommechanicalconsiderations,andsecondly,a spacebetweenthewing
panelsandthecurvedsurfaceofthefuselageiscreatedby thedeflec-
tionofthewingwithrespectothebody. Thislattergapdistance
variesinthechordwisedirection.Fortheusualratiosofwingchord
tobodyradiusencounteredinmissiledesign,andforsmall.anglesof
w5ngdeflection,thisvariableportionofthegapwidthwillbevery
smallcomparedtotheconstantgappresentat zerodeflection.Inthe
presentheoreticaltreatmentoftheproblem,onlysmallanglesofwing
deflectionareconsidered,andthereforethegapisassmedtohave
conskt width.
Thepurposeofthisreportisto evaluatetheeffectsofgapupon
theliftofa typical.slendertig-bodycombinationhavinganall-monble
wing. Twobasicproblemsareconsidered:Problemonedealswiththe
liftingcharacteristicsofawing-bodycombinationi clinedata small
angleofattackwithrespectothefreestream,thewingpanelshaving
zerodeflectionwithrespectothebody;problemtwoisconcernedwith
thessmeconfiguration,butthebodyisconsideredtobeat zeroangle
ofattackandthewingisdeflectedto somesmallanglewithreference
tothebodyaxis.By theprincipleof superposition,theliftofthe
wing-bodycombinationhavingbothangleofattackandwingdeflectioncan
befound.
Althoughthefirstoftheproblemsdescribedabovecouldbe treated
by themethodgifeninreference1,wheretheeffectsofa gapinthe
middlepartofa wingat subsonicspeedsareinvestigated,thesecond
problemappearslessamenableto solutionby suchmethods.Moreuseful
forthepresentpurpose,it isbelieved,istheproceduremployedin
reference2, inwhichslender-bcdytheoryisappliedtotheanalysisof
theaerodynamiccharacteristicsofa fsmilyofwing-bodycombinations.
Accordingly,bothproblemsme treatedinmuchthesamemanneras that
giveninthelattereference.
Whilethepresentreportwasinpreparation,theresultsofother
investigationsofgapeffectswerepublished.BlevissandStruble(ref.
3) suggesteda methodofestimatingeffectsof stremwisegapsuponthe
liftofwing-bodycombinationswhichincludedreplacingthebodybyan
infinitewall. Mirels(ref.4)obtainedtheslender-bodyresultfor
problemoneofthepresentsnalysis,butdidnotobtaininclosedform
thesolutionofthesecondproblem.
In commontiththeabove-mentionedinvestigations,thepresent
analysismakesuseof severals5m@!.ifyingassumptions.Forexample,the
wingisconsideredtobevanishinglyt~, andthefluidmediumis
assumedtohavezeroviscosityandtobefreefromshockwaves.Con-
sequently,theusualside-edgeconditionofinfinitevelocityandzero
liftisappliedat theedgeofeachwingpaneladjacentothegap. It
is alsoassumedthattheliftis zeroacrossthegap. Onlysmallangl.ea
ofattackandwingdeflectionarepermitted,andtheplaneofthewing
.
.
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is consideredto includethecenterlineofthebody.Finally,thewing-
. gap-bdycombinationisregsrdedas beingslenderinthesensethat
lateraldimensionsaresmallincomparisonto longitudinal(free-stream)
dimensions.
Forgapwidthsoftheorderofa fewboundary-layerthicknesses,the
neglectofviscosityandcompressibilitywillcertainlyproduceunrealis-
ticresults.Forexmple,subsonictheory(ref.1)predictslargelosses
inliftforeveninfinitesimalgapsinthemiddlepartofa wing. Itis
interestingtonote,however,thatinan earlyexperimenttreatingthe
configurationofreference1,MunkandCario(ref.5) obtainedresults
whichindicateappreciabled creasesinlift-curveslopeat zeroangle
of
in
at
of
attackforgapwidthswhich,thoughnotlrinfinitesimal,lrweresmall
termsofthewingchord.Itremainsforexpertientalinvestigation
supersonicspeedstodefinetherangeofgapdimensionsandofangles
attackforwhichthepresentinviscidtheoryisreasonablyvalid.
GENERALANALYSIS
If it isassumedthatforslenderbodies(includingwings)the
velocitygradientinthefree-stremdirection%X issmallcompared
withthevelocitygradientsinthe y andz directions,thenthewell-
lmownPrandtlinearizeddifferentialequationfortheperturbation
velocitypotential~ ofa compressibleflowinthreedimensions
is closelyapproximatedby themoresimpletwc+dimensionalform
whichpermitstheuseofconformalmapping.
Thessmesimplificationcanbemadeif Mo,
thefree-streamMachnumber,isunity,or
veryclosetounity,andthevelocitygra-
dientin theffee-stresmdirectionisnot
excessivelyarge.
7
Thewing-bodycombinationchosemfor
considerationisshownin sketch(a).
SymbolsaredefinedinA~endixA. The
L
bodyconsistsofa cylinderofcircular ‘
crosssectionof constantradiusandan
arbitrarilypointednose. Thewingcon-
sistsoftwoidenticalrighttriangular
I
x
Sketch(a)
---- -—. .+ —.. ..—
— ._- ———— _ —.
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flatplateslofvanishingthicknessplacedadjacentoandon opposite
sidesoftheconstantcross-sectionportionofthebody.Thedistance
fromthebodysxistotheinneredgeof.eachwingpanelisdesignated
.
t;thegapisdefinedasthedistancet-ro,where r. istheradiusof
thecylinder.Thedistancefromthebodysxisto theoutermostpointon
thewingpanelis calledso;thesymbols referstothedistancefrom
thebodyaxisto a pointontheleadingedgeofeachwingpanel.The
slopeoftheleadingedgemaybedesignatedas ds/dx,orm = tanC,
where e isthevertexEmgleofthe~ panels.Theoriginofthe
coordinatesystemistakenatthepointofintersectionfthebodyaxis
andthelinejoiningtheapexesofthewingpanels.
We introducethecomplexvariable5 =y+ iz=Peie. Thecross
sectionofthewingandbodyinthe ~ planeis shownintheupperpart
of sketch(b). TheJoukows@transformation
mapsthegivencrosssectiononto
showninthelowerprt ofsketch
El = yl + izl
thereal’axis
(b).
“Iiz
iel
= ple (2)
ofthe El plane,as
Eplane
@
ro
-s -t0 t s
.
-s1 ‘-tL=--t= t:’phes
Sketch(b)
%I!heresultsofthisanalysisare,however,applicableto con-
figurationsinwhichtheleadingedgeisnota straightline,provided, .
ofcourse,thattheassumptionsof slenderbodytheorysrenotviolated.
.
—— . .—— — — . —_____
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Then,for 21= O,
r02
Yl =y+— Yl2 ~.r12
Y
YL =%?~cose=2y 2 < r=aYl -
ro2
B~=s+— B
rl = ‘&O
and
Y1 -Y= Jy12-r12 YI~ rl2
Y _ Yl y12< r122
Theinducedvelocitiesinthetwoplanesarerelatedby
v- d~liw= (V1-iwl)—
dg
(3)
(4)
(5)
fromwhich
‘=V’E -r:~ c0s2el’w’(9 ‘fi2e’
‘=”’ F -(32 ‘Os2’I-V’W ‘h2e “
1
(6)
Vr =
(‘1 Cos e ‘W1 ““’) F -(w ‘*’(3 ‘he
Also,Laplace’sequationmustbe satisfiedinthe El plane,sothat
(7)
.—. — ———-— —- ———-—------
— ———
——. —. .
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generalsolutionto equation(7) thatgivestheverticalinduced
WI onthe yl sxisduetothejumpinthevalueofthelateral
Avl acrossthe yl axiscanbewritten
T1AV3.(Y2)~Wl(yl)= - : — 2
.s=Yl - Y2
(8)
In thepresentproblems,Wl(yl)isknownfromboundsryconditions,but
Av= isunlmown(exceptinthegap).Equation(8) isthusan integral
equationwhichwillbe solvedto find Avl ineachofthetwoproblems.
PROBLEM1 -WING-BODYCOMBINATIONAT SMALLANGLE
OFATTACK,WINGAT ZEROANGLEOFDEFLECTION
BoundaryConditions
Aswasmentionedintheintroduction,it isassumedthatno liftis
csrriedinthegap;hencethecirculationa dvortici~inthegapare
takentobe zero.Theboundaryconditionswhichobtaininthisproblem
aretherefore
(i) w = -Voa
(ii)Av = O
(iii) w = -Vou
(iv) V=o, w=o
(v)AT= O
Inthe ~1 planetheseboundary
(i) w. = -v:
(ii) Av== O
P = ro,0sE3S2fi
2<y2<t2z = O,r.
z = O,#<f<s=
P=@3,0<e<25c
z = o,f~s~ 1
conditionsbecome
Z1=0,0 ~y12~r12
Z1= 0,rlz< y12< tl=1
(9)
(10)
.
!/
(v) AT== O
—
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SolutionoftheIntegralEquation
Thegeneralsolutionexpressedby equation(8) canbewritten
,f
-tl AVIW
Wl(yl)= - : — dyz- &
J
‘rL~dy= -
-s1 YI - Y2 -t~ Yl - Y2
1 1rl AvlB tlJ %g S1dy2 . L dy2 - ~ f AEw— dyzz 231r= Yl - Y2 231t= Y1 - Y2
-rlYl “ Y2
(n)
where
AVIW= AV1betweenttland*S=
Avlg= AVXbetweentiland*t=
AVIB= AV1between-r=andrl
SinceAv=g= 0, thesecondandfourthinte~alsofequation(1.1)vanish.
Also,sincethewing-bodyccmbtiationislaterallysymmetric,
Avl(yl)= -b=(-y~) (lZ?)
andequation(11)canbewritten .
where
~1= Y12
V2= Y22
Inversionofequation(13) will be accomplishedby theapplication
oftheprocedurepresentedinreference2. Firstconsidertheregion
Voa0<
–!lsr’2” ‘ere “=:y andequation(13) may bewritten
r12&=B(~2) dq2;O < ~1
f
S12AV=w(~2)dq2 = - &Voa
-—+~
f
< r-2
2 2X t12 11=- ~2 2Yt~ ——v= - ~2
(14)
——- -——
. ...—
——
—
—..—.— ..— ——
8
Equation
ofwhich
Av=(l)=
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(14)isnowof thegeneralform
theinversion
2
fi/(b-A)(X-a)
is
(15)
1d~=
(16)
whichfor Avl(a)= O reducesto
(17)
Inthepresentproblem,Av1(0)= O fromsymmetry,andtheinversioh
ofequation(14) is
(18)
Thisexpressionfor AV=B willbe usedsubsequentlyin solvingforthe
liftingpropertiesofthebody. TO ftid AVIW itisnecessaryfirstto
substituteequation(18) into equation(13) andreversetheorderof
integration.
‘F~+J~),or tf<%.sf,UsingWl(q=)= -—
we obtain,aftersimplification,
(19)
Inversion
equations(15)
ofequation(19) will followtheproceduregivenby
and(16). ThUS
.
.
—.
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r-i812 1(sl%12)(r12-h2) ~72Voadt=z
or
,
(20)
{
G [ 1}- Voox2?=- (s12.t’t12)2
(21)
where
Equation(21)isnotuniquesinceitcontainsan integralinvolving
AVIV. However,theintegralismerelya constant,whichcanbe evaluated
fromtheassumptionthat A% is zeroat Ylz= t12. I@ming @l, we
canexpressA9= as
Then
JtlzA’?l(t=)O = B12
Substitutingequation(21)intoequation(24) yields
(22)
(23)
(24)
- . .——-— — .
..—— . ——-- --——
—— ——— —.
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Performingtheindicatedintegrationsandsolvingfor G gives
[
G = fiV@ (s12-r=2)E(k)- ~ (s~2+t=2-2r=2)
K(k) 1
(25)
(26)
where
IS=*-pk= s~2-r12
An expressionfor Av=w cannowbe foundby substitutingequation(26)
intoequation(21).tieresultis
AvlW=
SpanLoadingonWingPanel
The spanloadhgis proportionalto thetotalcirculation
r = AVm- A%. Fromequations(23) and (27) we obtain
AP=W= 2Voa
~S~ z(~l,k) (28)
where
z(T=,k) =E($=,k) - ‘~F(~=,k)
K(k)
and
!’~ J=sin-l s12-Y12S12-tl*
(ThefunctionZ istabulatedinref.7.)
2The ellipticintegralof thethirdkindencounteredhere,aswell
as thosewhichoccursubsequently,wereevaluatedbyuseofreference6.—.
+
. .. —
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If tl issetequalto rl (conditionfora slenderwingonan
infinitecylinderwithno gap)equation(33) becomes
whichwhentransformedby equations(3) maybewritteninthe yz plaue
(Ww)t=ro = 2Voa s’/ P+s)-fk+$)” ‘2’)
Equation(29)agreeswiththeexpressionforthevelocitypotentialfor
a slenderwingona semi-infinitecylindergiveninreference8.
At theleadingedgeofthewing,yl = s1,and(AQIW)M= O as it
should. Therefore,rw canbe givenby equation(28) with so substituted
for s. However,itismoreconvenienttoexpressthevalueofthe
circulationi termsofthevalueofthesemispanofthewingforzero
gap SO*. Then,since so= so* + g,where g isthegapdistance,the
expressionforspanloedingis
‘()dL = Pvorw= 4qso*a&w (1+3) [1 - (:)21’($.,’) ’30) “.
where *1andk areevaluatedfor s== so=.
PressureDistributionOverWingPanel
TheloadingcoefficientAp/q canbefoundfromtheequation
2 ~ATdS= ds4 ‘~=’ @=______—=
q “0 V. ax V. aSl ds dx
First,thedifferentiationof A9=W tithrespecto S1 is carriedout
andgives,aftersimplification
(31)
— — —-—. . ..—. — -———.——. . .. -z .—— .— —— ———
-——— -— —..
K!
Since dsl/ds=
resultsforthe
1 - ro2/$, smdfor
loadingcoefficient
()& [4mtF(@-ro4) ~W w = (#-&) (s2&-ro4)
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triangularwings ds/dx= m, there
for thewing
E(k).
K(k)1
L
, 1
()1 ro2-— Z(Vl,k)+82
(32)
Inthecaseof zerogap(t= ro), equation(32)reducesto the
resultgivenin reference8 fortheloadingcoefficientfora triangular
wingona semi-infinitecylindricalbody.
LiftofWingPanels
Theliftofthewingpanels
expressionfor the span
(33)
4 ()L=z w
Theintegrationis
thenbecomes
loading;
may be foundby integratingthe
that”is,
2
J
so 4
~ J’
rwdy=ct ‘0 (@w)m@
-s0
(33)
moreeasilycarriedoutintermsof yl. Equation
Substitutinginequation(34) theexpressionfor(A~)m obtained
fromequation(28) with s== so= gives
L-
(34)
.
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where
2
{[A. (I,kl)=; E(kl)- 1 1K(kl)F(x,kl’)+ I@t>kl’)
r
~ = ~fi-l‘12-r12;k= .~k-rl
r
S12-tlz
al2 t= tl s12-r=2
andthemoduliandargumentsareevaluatedatthewingtrailingedge
where S1= sol. (ThefunctionA. istabulatedinrefs.6 and9.)
Equation(35) givestheliftoftwopointedlow-aspect-ratiow ngs
inthepresenceofa slenderbodywhichis cylindricalintheregion
betweentheapexesad trailingedgesofthewingpanelsandlies
betweenandata distancet - r. fromthepanels,allatan angleof
attack.
If tl=rl= O, equation(35) reducesto (L/qa)W= 2fiso2or,for
thetwotriangularwingpanelsnowjoined(triangularwing)
21rso2
CL=— =~AaSa (36)
whichisthewel.1-lmownresultfortheliftofa slenderwing.
SpanLoadingonBody
.
Equation(18) expressesthevorticityonthebodyintermsofthe
vorticityonthewing. Substitutingequation(27)intoequation(18)
gives
.
(37)
-. __— — .—.——. —
.—— --
14
whichbecomes
NACATN 3224
E(k)–(r=2-ql)+ (s12-r12)~(k)
1
—.
2
(38)
SinceATL= O tithegaP~ThejumPfi
between-rlandr~ canbe givenby
potentialacrosstherealaxis
PY12
(39)
q --L
Fromequations(38) and(39), it followsthat
A~B = 2Voa[J- sin,2- j- .(~,,k)- ~J-]
(40)
where
J %2-V=)012-VJ
When tl = rl,equation(40)reducesto
or,inphysicalterms,to
—. —
—
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Thespanlosdingonthebodydueto thepresenceoftheliftingwing
camnowbe determined.Firstwe shallconsidertheloadinginducedon
thebodyaftoftheapexofthewing .
(s- sketch(c)). ‘I’he’valueof - A
(A~B)~ is’fo&dbesettings,=t= -! !4
inequation(40),whichbecomes
(AQ=B)U
= ‘Oam AntL-J
For A91B at thetrailingedge,the
+
.
0
valueof sol isusedinplaceof S1
inequation(40).Therefore,thespan
loadingonthebodyis x
Sketch(c)
-&=q/-sti$,. J- Z(V,,k) - J-] (43.)
or sincethevalueofthespanloadingonthenoseinkqa~ro=-~
accordingtoMunk’sairshiptheory,thetotalspanloadingonthebcdy
is,b termsofthegeometricproperties,
(42)
where~= andk areevaluatedusing S1= sol.
Fromequations(28)”, (41), and(42),thespanlosdingforthewing-
bciiycombinationisplottedforseveralratiosofgapto semispanin
figurel(a).No liftis inducedonthebodyaftofthetrailingedgeof
thewing,accordingto slender-bcdytheory.
,
—.—— —. .—
—.— —.
. —. ——. —-—
16
PressureDistributionBody
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Theexpressionfortheloadingcoefficient@/q onthebodyis
obtainedinthesamemannerasforthewingina precedingsection.The
resultis
(%)B=4=f+(&)T -%31
(43)
If t = ro,
thelifting
presenceof
equation(43) re&ces to the result givenin reference8 for
pressurecoefficient onan infinite cylindricalbodyin the
a lifting low-aspect-ratiowing.
Thedistributionfliftingpressuresona spanwisestripforthe
presentwing-bodycombinationisshownforseveralratiosofgapto
semispaninfigure2(a).Forcomparison,thepressuredistributionf
thewingaloneisalsoshowninthesamefigure.
LiftofBody
Thelift“inducedonthebodybythewing
formula
canbe foundbythe
with ~B/dyl giveninequation(41)above.Thefinalresult
written
($)B‘fi{t12+‘s012-r12’-F -2*I}F -AWSJI-
(44)
canbe
2ml -
.
(45)
where ~,k,andklme evaluatedfor S1= sol.
.
.
—
3N
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Fortheliftofthewing-bodycombination(exclusiveofthe
equation(45)isaddedto equation(35). This yieldsthe simple
17
nose),
equation
(46)
When
with
writtenintermsofthephysicaldimensions,equation(k6)agrees
equation(2)ofreference4.
Thetotalliftofthebodyandofthewing-bcdycombinationcanbe
obtainedby simplyaddingtheliftofthenose(whichasthevalue
~ r12= 2firo2)totherespectiveexpressionsforlift.
Forthecaseinwh.ichthegapiszero(t==rl), equation(k6)
reducestotheresultgivenforthiscaseinreference8.
Equations(35), (45), and(k6)havebeenevaluatedforseveralgap
semispanratios;theresults,givenasratiosof liftinthepresenceof
a gaptotheliftwhenthegapis zero,areshowninfigures(a)and
4(a).
PROBLEM2 -BODYAT ZEROANGLEOFATTACKTOFREESTREAM,
WINGDEFLECTEDAT SMALLANG133WITHRESPECTOBODY
Thesecondproblemis complicatedby thefactthatthetotalgap
betweenthewingpanelandthecylindricalbodyisthesumoftwogaps,
oneofwhichistheconstantclearancerequiredformechanicalreasons,
andtheotheristhegapcausedbywingdeflection.Thelattergap
distancevariesfromapextohingeline,andfromhingelinetotfailing
edgeofeachwingpanel,andalsochangesinmagnitudewiththeangleof
deflection.However,forthesmalldeflectionsconsideredhere(sayof
theorderof50), thegapcreatedby deflectingthewingwillbe small
fortheusualratiosofbodydiametertowingchordencounteredinprac- -
tice,andthetotalgapdistancetillbe takenasa distanceindependent
ofwingdeflectionangle.
BoundsryConditions
Certainboundaiyconditionsforthisproblemdifferfromthoseof
thepreviousproblem,althoughthebasicconditions,uchasthezero
-. —.—.——- .—-— ——.-.—.——-
. .
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valuefor the jwnpin potentialat the leadingedgeof
applyhereas well.. Statedfirst in the physical yz
(Gj)~ thesalient boundaryconditionsfor
(i) Vr = o P=
(ii) Av= O z=
(iii) w = -V08 =z
(iv) V=o, w=o p=
(v) AQ = O
thisproblem
NACATN 3224
*
thewingpanel,
plane(seesketch
.
axe
Transformingequations(47) to the El Pl~e bYrne~sof
gives
/
(i) WI = o Z1 =o, o<y~2
equations(6)
< r12 1
(ii)Av==0
(iii)w= =
I
-y (+{y;r=) ;:~:<:t=’ (48)
(iv) V* =0, wl=o PI --
(v)A?l=o y~z> S12
\
SolutionoftheIntegralEquation
Commencingwithequation(13) weshall obtaina solutionfor AV1,
thejump
O< q=-<
(13) can
1
E
Applying
inlateralvelocityalongtherealaxis. Intheregion
r12 theverticalcomponentofvelocityiszerosothatequation
bewritten
Jsl=’ Av=v f r12 AVIBdq2=-+ — dqa;0<q=Kr12 (49)t=2 T1 - T2 o Tl - 72
theinversionformulasgivenby equations(17)and(17) gives
NACATN 3224
orafterintegrationwithrespecto ~=
19
Next,
AV=B
Thus
substitutionf equation(51)intoequation(13) will eliminate
andprovidean integralequationforthevortici~acrossthewing.
f
r12 dq;
W=(q=)= - -&
o n= - 7217-12m2-712
(52)
Integratingthedoubleintegralfirstwithrespecto 72 we findthat
for t12~ q=< S12,equation(~) reducesto
Equation(53) canbe inverted
and(16). Thusisobtained
by theformulasgivenby equations(15)
2J v=
Avlw=
[
c+ .
s12-V=)(q=-t12)(~1-r12)
7
(54)
---— ... .— — ———.— —— ——— —. ——
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where
.
c‘$’J=:”‘“x?””
As inproblem1,thevalueofthe
theconditionthat A9=(tl)= O.
constantC canbedeterminedfrom
Since
andfromboundary
“ql(t=)
conditions
w=(qJ = -
it followsfrcmequation(54)
V(p
.—
2
that
rt$’
\
f ’12-J===]812
(55) “
.— —
.— —. .—— ——
.—
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fromwhich
/(s12-v2)(v2-t12)(72-r12)~
— -—
2
Thisexpressionisleftinthisformsincefurther
advantageousat thistime.
SpanLoadingonWingPanel
(211=- S.2-t==’)1(%)
integrationisnot
ThecirculationA91(y1)will”beobtainedby integratingthe
expressionfor Avlw givenby equation(54);thatis
f
Y12 Avlw
A’?W(Y1)= — dq=; 111= Y12
81
r
2271
(57)
By a suitablechoiceoftheorderof integration,equation(57) canbe
evaluatedto give
ATW(yl)= Vob
{~ K(kl)[%z@’)k) -“z(v”’kl)l+
where
— .-. .—.-
.—.. —--- -—
-——— — --
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Inthecaseof’zerogap(tl= rl),equation(58) degeneratesinto
rl
—
1+S1
3224
(59)
Equation(59) agreeswithsmunpublishedresultobtainedby GaynorJ.
Adsms,whosolveda similsrproblemofa slenderwing-bodycombination
havingthewingdeflected
Since
loadingcsn
AQ= O atthe
bewritten
tu
—
dy
(
11
4aqso*= ~
- no gap beingconsidered.c
leadingedge,theexpressionforthe”span
ro2
)(”
+~ 41 ’02 K(kl)+
sO* SO t2 roE
—+-
S02 %
+-$)~+Ao(if,k,Z(,=,k, -1}
I
(so y2——Y2 so
wherethemoduliandarguments
J
ro2
+—
)
)
K(kl)z(va>kl)
s0“
oftheellipticintegrals
(60)
areevaluated
for S1= SO1.
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PressureDistributionWingPanels
Followingtheprocedureoutlinedinproblem1,page11,we solve
fortheloadingcoefficientofthewingpanels.Differentiationof
equation(58) withrespecto S1 yields
3AT1W VOE S,
—= —
aal ~ S12 - t12([’ - g]{’d-[’ + %(4),.)]+
2r12
}—K(kl) - 2tl[K(k=)-E(k=)])[ Z(~l,k)+t=
/=]
and theexpressionfor the loading
()4 .2m (s4-ro4)t2—ZW m s(s2-&)(s2&-ro4)
L
coefficientbecomes
(61)
1
‘@lk)]([’-w{=%K(k’)+
3_c(s2-ro2)
[ 1]
2(t2+ro2)1 +Ao(*,kl)” - ~
[K(kl)-E(kl)s 1)
(62)
— ——..—
,——
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Forthelimitingcaseof zerogap,equation(62) degeneratesto
()4$
‘(t=ro)
8m=—
Yt
TN 3224
(63)
The
thesame
LiftofWingPanels
solutionfortheliftofthewingpanels
patternasadoptedinthefirstproblem.
inthisproblemfollows
IIIthe El plane
(64)
Substitutetheexpressionfor .~~ obtainedfromequation(58) into
equation(64) andintegrateandthereresults
(3;:{‘so-+-2%1 +t’}~+’o(”}”)+:;-]+
2t+==[E(’.)-&, ,+AO($,’l)+ ‘12K(’1),1[ Yctlr]sol’-rl’
2 ~E(k=)K(k=) -~r12
Yt 2
(65)
wherethemcxluliandargumentsoftheellipticintegralsareevaluated
using S1= solo
.
A
!,
—
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SpauLo&dingontheBody
Equation(~1)providesan expressionforthejump
velocityAVIR alongtherealsxisinthetransformed
O andr=2 Q-termsof
(51) and (54) givesthe
in lateral
planebetween
Avlw betweent==andS=2. comb-g equations
expression
J–-fn= al= d%AvzB(~=)=: - tl=
[
c+
(V=-V2)J(%2-72)(72-t12)
An expressionfor ~~B can now be foundby substitutingequation(66)
into
usingthe =Pression for c @Venh equation(56) andperforming
theintegrationsgives
(67)
.—. —.———.—— —.. ___ . . .——_—_—__— .——
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where
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~4=Bti-lm
With S1= sol,equation(67) givesthevalueof APB at the
trailingedge of the wing. If the body extendsaft of the trailfngedge
of the wing, the presentboundaryconditionscannotproperlybe applied
to find the loadingon the afterbciiy.No attemptto determinesuchload-
ing will bemadehere.
since(A91B)~ is zero)
[
TC[1 +&($,kl)] ~- sin~a -
where sol, the valueof S1 at the trailing
Forthe conditionof zero@p, the expression
shownto be
r
‘ (68)
edge,is usedthroughout.
forspanloadingcanbe
(r== AR=+J==J- -/- )1 (69),
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When equations(68) md (6o) are evaluatedfor severalratios of
gapto semispan,the results shownin figure l(b) are obtainedfor the
spanloadingonthe wing-bodycombination.
PressureDistributionBcdy
Thedifferentiationof @lB (eq.(67)) yields
a@lB !2vot5Sltl
—=—
asl fi (S=a-t,z)(
K(k=) - E(k=)
-[1 -%1{~ ’(k’)+
: /’-[1 +Ao(*,h.)1 z(~a,k)- ‘s~ti: ] (KI)
. })[
so that
(1 b t(s4-ro4)(&+ro2)(’w(k=)-E(kl)-9! .—qb fi s(s2-F)(#&-ro4) (-’
(7U
If t is set
cientfor the case
equalto r. in equation(71), the loadingcoeffi-
of zerogapis obtainedas
(72)
___ —._. ..—. ______ __
-— -
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The
obtained
2(b)for
The
problem,
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.
loadingsona spanwisestrip of the wing-bodycombination,
fromequations(71) and(62), are showngraphicallyin figure
severalratios of gapto semispan.
LiftofBcdy
liftofthebodyisfoundinthessmemanneras inthefirst
nsmely,by integratingthespanloadingoverthediameter.The
integrationis carriedout in the ~1 planefor convenience.When
equation(68) is substitutedintotheequation
theexpressionfor lift on the body is
(aB=:{(sOF-rw-2*+tf l’Ad”’kl)+1}[[
2
2r=2K(k=)
‘tl= 11-,tl/c-[E(’=)-~v]
[
ti~,kl)+ r12K(k1)1-~ E(k=)K(k=)-~r12“t~m
(73)
withthemmiuliand argumentsof the ellipticintegralsevaluatedfor
S1= sol.
The expressionfor the lift of the wing-b~y
presenceof a gap is obtainedby addingequations
givenby
combinationi the
(73) ~d (65) andiS
,,
.
___— _ —_
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(am“{’”+‘s012“12)[1-2%l}P+A”(v,k1)}-m12+
where s== so= isusedthroughout.
As previouslymentioned,no effectoftheafterbodyis includedin
theanalysisoftheliftingpropertiesofthebody,soequations(73)
and(74) arestrictlyapplicableonlytowing-bcdycombinationshaving
no afterbody.
It is interesting to notethat the lift of the whg-body
perunitangleofwingdeflectionisidenticalto theliftof
ofthecombination(exclusiveofbodynose)perunitangleof
(cf.eqs.(74) and(35)).
Forthecaseofzerogap(tl= r=),equation(74) maybe
c% [01[rozzAC‘2%71” 1-=
(5J)cos-._]
—
combination
thewing
attack
written
(75)
where Cti=~A~= liftcoefficientofa slendertriangularwing. Equa-
tion(75) agreeswitha resultobtainedinreference10.
Figuresj(b)andk(b)presenthevariationofliftwithgapwidth
forthewing,body,andwing-bcdycombinationforratiosofbodyradius
towingsemispanequalto0.5and0.216.
. —— — .—.—_—- ..—
—. ——— .———
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El?FECTiVEItESSOFALL-MOVABLEWING
Theeffectivenessofa controlsurfaceinprcilucingliftis often
of interestodesignersofaircraft.It isusuallyexpressedinterms
ofan effectivenesspsrameterdefinedby
Forthe
vsriationof
wing-bdycombinationi vestigatedinthisreport,the
theeffectivenessparameterwithgapwidthis shownin
figure~. Figure~(a)showsresultsobtainedby omittingtheliftof
thenose,whichaccordingtotheoryisinvariantwithgap,andby omit-
tingtheliftofanyafterbcdy,whichcannotbe calculatedinthepresent
analysis.Infigure5(b)thenoselifthasbeenincludedinthecalcula-.
tions,sothatthelatterfigurepertainsto a slenderwing-bodycom-
binationhavingno sfterbody.
DISCUSSIONOFRESULTS
Applicationfslender-bodytheorytothedeterminationfthelift
ofa slenderwing-bodycombinationhaving&gap betweenwingandbody
indicatesthatcomparativelylargelossesinliftingpressures,circula-
tion,andliftarecausedby evenminutegaps;however,itisantici-
patedthattheselargelosseswillnotberealizedinpracticeforvery
smallgapsbecauseoftheviscousandpossiblythecompressibleproper-
tiesofactualfluids.Expertientalinvestigationisnecessarytodeter-
minetherangeofgapdimensionsandofanglesofattackforwhichthe
simplifiedtheoryisvalid.
Ifattentionis confinedtothewing-bodycombinationexclusiveof
noseandafterbody,itisevidentfromfigures3 and4 thatfora given
gapwidththepercentlossinliftis~eaterwhenbothwingandbody
areatanangleofattackthanwhenonlythewingissetatan angleof
incidence.Comparisonoffigure3 withfigure4 showsthatthepercent
lossinliftdueto gapincreaseswithincreasingratiosofbodyradius
towingsemispan.Figure5(a)indicatesthatthepresenceofa gap
tendstoreducethedifferencebetweentheliftofthewing-bdycom-
binationdueto angleofattackandthatcausedbywingdeflection.
Theinfluenceoftheratioofbcdyradiustowingsemispanis suchthat
forlargeratiostheeffectivenessofthewingas a controlsurfaceis
diminished. 1
.
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Theeffectoftheliftofthenoseintheangle-of-attackcaseis
toreducethepercentlossinliftoft,hecompleteconfigurationfora
givengapwidthfromthatgivenfortheportionoftheconfiguration
above;thustheeffectivenessofthewingas a controlsurfaceis
loweredfromthevaluesgiveninfigure~(a)to thoseshowninfigure
5(b). Itappearsfromfigure5(b)that,withno afterbcdy,thecontrol
effectivenessofthedeflectedwingmayincreaseordecreasewith
increasinggapwidthaccordinglyas theratioofbodyradiustowing
semispanis smallorlarge.
AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics
MoffettField,Calif.,May12,1954
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APPENDIXA
NOTATION
A
CL
E(k)
s02
aspectratio,4 —
s
liftcoefficient,$
ccnnpleteellipticintegral
~z” J~.
ofthese’condkindwithmcxlulusk,
E($,k) incompleteellipticintegralofthesecondkindwithargument
F(~,k)
k, k=
k!
K(k)
L
m
%
incompleteellipticintegralofthefirst
@p width
modul.iof
kindwithargument
.
betweenfuselageandwingpanels,t - r.
rSL2-t=z rlellipticintegals,k = ‘“kl=—k2 >S1 -r12 t=
complementarymodulus,
v-
completellipticintegralofthefirstkindwithmciklusk,
J’l-r/2‘d==’
liftforce
slopeofleadingedgeofwingpanel,triangularwings,~
ax
.
free-streamMachnumber
.—— . .. . . --—
— . . ..—
.
5N
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Q
~
~
r.
s
so
S*, SO*
s.
t
U,v,w
Au,Av
Vr
V.
x,y,z
a
r
5
E
Z(V,k)
n
e
.
Ao(v,k)
E
P2-PUloadingcoefficient,~
free-streamdyusmicpressure,; P~v&
radiusoffuselage(cylindricalportion)
localsemispanofwing
maximumSemispanofwing
localandmaximumsemispanofwing,respectively,whengapis
zero
combinedareasofbothwingpanels
distancefrombodyaxis*toinside dgeofwing
perturbationvelocitycomponentsinthe x,y,z
respectively
jumpinvelocitiesacrossthe “z= O plane(uu
radialctionentofperturbationvelocityina
diculartothe x axis
free-streamvelocity
Cartesiancoordinates
angleofattackofbodyaxis
totalcirculationabouta wingsection
panel
directions,
- Uz,vu - VZ)
planeperpen-
wingdeflectionanglewithrespectobodyaxis
apexmgle ofwingpanel
E(k)
Jacobi’szetafunction,E(~,k)-— F($,k) “
K(k)
f
polsrcoordinateina planeperpendiculartothe x axis
Heuman’slambdafunction,
{: [E(k)- K(k)]F(~,k’)+ K(k)E($,k’)}
complexvariable,y + iz
.. —-... ——--—— -——— ——— —.— . z..
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P polardistanceina planeperpendiculm
PO free-streamdensity
9 perturbationvelocitypotential
AT jumpin 9 acros,sthe z = O plane
NACATN 3224
tothe x axis
v-,w-~,v~, r22argumentsof ellipticintegrals,* = sin-l -;“–
--’m
1
B
z
u
w
WB
Subscripts
complexplaneresultingfromapplicationfJoukowskitrans-
formationtothephysicalcomplexplane(exceptwhenused
intheellipticintegrals)
body
lowersurfaceof z = O planeor’ofwingpanel
uppersurfaceof z = O planeor ofwingpanel
wing
wing-bodyc-ination
.
.
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